Within this work a case study is presented in which the concept of structure-based System Dynamics analysis is applied to an engineering design process. The structure-based System Dynamics analysis approach uses structural Multiple-Domain Matrix models as a basis to derive System Dynamics models which are able depict the behavior of the engineering design processes. The implications from the behavioral models can be used to analyze and optimize the structure of the underlying process. The development of an e-bike sharing system within a student project was used as basis for the case study to answer the question if the structure-based System Dynamics analysis approach can be successfully applied to model the behavior of the observed engineering design process. Based on the definition of this initial research question, the instruments to conduct the case are developed, the data is gathered and consequently analyzed. The simulation results of the engineering design process are presented, compared to the real process and finally discussed. Thereby benefits, challenges and further areas of research are identified.
I. INTRODUCTION
The dynamic behavior of complex systems is a well-known challenge within engineering. Processes like engineering design processes are also complex systems, as a lot of factors, such as persons, resources, and iterations have to be taken into account [1] . Soft factors like knowledge, motivation and skills of the involved persons also play an important role within engineering design. Additionally, external factors like market cycles, legislative cycles, or environmental factors influence the system. [1] , [2] Most of these influencing factors are dynamic and force the system to react in one or another way. These reactions of the system are often undesired as the system may become unbalanced. This could i.e. result in a slowdown of the process. Consequently, it is beneficial to analyze systems for their behavior toward influencing factors and optimize them for desired reactions if these influencing factors occur. The general amount of potential influencing factors is innumerable. The decision which particular influencing factors have to be considered depends on the characteristics of the system. Therefore no general proposition of influencing factors can be given. [2] O n t he o t he r ha nd , t he ac tu at i ng v a ri ab le s to re ac t o n influencing factors of processes usually restrict to certain key variables such as: Size of work packages, adaption of work packages, order of process steps, persons and resources allocated to work packages. Typical questions for limiting the undesired impacts of influencing factors are: "How can the existing resources be optimally distributed in case of a decrease of resources?" or "How can the available crew be allocated to work packages to avoid process slowdown due to possible changes within the crew?" or "How can the process be made more agile for changing customer demands?" [2] The solution space to solve these questions is an adaption or change within the structure of the process, as the reaction of a system to influencing factors is mostly caused by its underlying structure [3] . Consequently the following questions arise: How can the structure of a system be analyzed for its behavior for certain influencing factors and how can the s t ru c t u re o f a s y s t e m b e o p t i m i z e d f o r c e rt a i n i nf l u e nc i n g factors? [2] C l a s s i c a l l y , t h e s t r u c t u r e o f s y s t e m s i s a n a l y z e d b y structural modeling tools such as the Design Structure Matrix (DSM), the Domain Mapping Matrix (DMM) or the Multiple Domain Matrix (MDM). The major drawback of these tools is that they depict a static view on the system and are therefore not suitable for dynamic modeling [4] . Dynamic modeling approaches, such as System Dynamics are methods to analyze and simulate the dynamic behavior of systems on a high level of abstraction [5] . System Dynamics, though, does not offer the possibilities of dependency modeling as static aspects of systems cannot be described [5] . As high level management tool, it misses the ability to illustrate the underlying structure of the process. Within a previous publication of the authors the structure-based System Dynamics analysis approach is proposed which combines both modeling approaches to analyze the dynamic behavior of systems [3] . Within this work a case study is presented in which the concept of structurebased System Dynamics analysis is applied to an engineering design process.
Based on an introduction to the structure-based System Dynamics approach and the examined case, the research method is presented. For the case study itself we follow the sequence of the stages for conducting the case by [6] : define research question, instrument development, data gathering and analyze data. We discuss our results and conclude with a summary and outlook on further research.
II. BACKGROUND INFORMATION

A. Structure-based System Dynamics Analysis
The Structure-based System Dynamics Analysis method, originally developed for Engineering Design Processes (EDP), suggests the use of the underlying process structure represented in a Multiple-Domain Matrix (MDM) as a basis to develop a System Dynamics model of the process. Based on this existing process architecture, other possible scenarios of architectures can be modeled and compared [7] . Figure 1 illustrates the idea behind the transformation: Fig. 1 . Transformation of system structure information in the form of a Multiple-Domain Matrix into System Dynamics models to assess system behavior [7] To assess which EDP structures have better dynamic behavior, the corresponding MDM needs to be transformed into a System Dynamics model. Therefore, the underlying system structure has to be transformed into a qualitative System Dynamics model first. Secondly, the qualitative model needs to be enlarged by additional information and mathematical equations for each element to model the boundary conditions. The mathematical equations that define each element are thereby functions of the input parameters of the particular elements. As soon as one quantitative System Dynamics model of the EDP is built, it is relatively easy to model different variants of the process as the boundary conditions can be assumed to be the same for each variant. The System Dynamics models of different process sequences can be simulated in order to assess which of the examined process sequences offers the desired behavior [7] .
One of the advantages of the structure-based System Dynamics Analysis is the possibility to investigate the dynamic behavior of systems based on the underlying systems structure. MDM is a simple and easy-to-use method for system understanding and analysis. In addition, the necessary information to create structural models is usually available early on in the development phase [3] . Even though the approach supports the decision of which components to consider for the structural and dynamic models, choosing which domains, interdependencies and elements that should be incorporated in the model is still a major challenge. For each particular decision we have to consider the expected benefit of adding complexity to the model.
B. The PSSycle project
The EDP examined in this work is the PSSycle project. The PSSycle project is part of the collaborative research centre 'Sonderforschungsbereich 768 -Managing cycles in innovation processes'. Within this project an innovative e-bike sharing system was developed. It was organized as a student project within the engineering department. A core team out of ten masters-degree students developed the e-bike sharing system within a time span of six months. While most of the students had a mechanical engineering background, others had for instance a computer science background. This was necessary due to the multi-disciplinary scope of the project. Additionally to the core team, other students examined various a s p e c t s o f t h e p r o j e c t s u c h a s t e a m c o m p o s i t i o n o r t h e engineering design process as such. [3] III. RESEARCH METHOD The development of the PSSycle by the masters-degree students was observed and used as underlying data for the study. The authors are aware of the fact that this, to a certain extent laboratory, setup may not be sufficiently generalizable for industrial EDPs. As the purpose of this case study was of descriptive nature about the dynamics of EDPs, the advantage of increased observability of the process was weighted higher than the loss of reference to industrial EDPs.
The structure of the current development process was documented every two to four weeks. Therefore a multiple domain matrix (MDM) was developed for each considered point in time. By investigating the change of the elements and relations incorporated in the particular MDMs over time, the change within the structure of the development process itself over time can be observed. [3] The MDM and additional documentation are used as a dataset to build a System Dynamics model of the structure of the engineering design process. Based on a previously published qualitative System Dynamics model, a quantitative simulation model of the engineering design process based on its underlying structure is developed. The simulation model gives insight into the underlying dynamics of the development process and thereby helps to generate basic dynamic understanding; decision support through simulation experiments; and supports the benchmarking of process sequences.To implement the System Dynamics model the software tool Vensim® was used.
IV. CASE STUDY
We follow the sequence of the stages for conducting the case study suggested by [6] , but do not treat "Stage 5: Disseminate" explicitly (see Figure 2) . 
Stage 2 Instrument Development
Stage 3
Data Gathering
Stage 4
Analyze Data
A. Stage 1: Research question
The first stage of the research process involves defining the research question. The research question addressed in this particular case study can be stated as follows: "RQ1: Can structural models of engineering design processes in form of Multiple-Domain Matrices, be used as a basis to simulate the dynamic behavior of these processes by System Dynamics?" If this research question can be approved this might offer the possibility of structure optimization towards a particular behavior of the engineering design process. This leads to a second subsequent research question for future research if RQ1 is approved: "RQ2: Can existing structural analysis methods be extended based on the possibility of a structure-based System Dynamics analysis?"
B. Stage 2: Instrument development
The second step in conducting case research is the development of a research instrument and selection of the appropriate field sites. The instrumental development should have a focus but still keep some flexibility [6] . It was clear that the development team will hold weekly team meetings to discuss all relevant topics. These meetings were chosen as main source of information and therefore all meetings were attended by the researchers and documented in detail. A side effect of these regular attendances was building the development team's trust quickly, which is, according to [6] , vital for the success of the case research as the case researcher must determine true causal relationships. Additionally all available documents such as requirements lists were used as input to track the current status of the EDP and to identify changes within the structure of the process as well as product to be developed. If the available data was not sufficient to verified the primary concerns of construct validity (i.e., the quality of the measurements in reflecting the phenomenon) and internal validity (i.e., the quality of the measurements in reflecting the important relations inside the system) as stated by [6] , protocoled interviews with the affected students were chosen as additional instrument. This multi-faceted approach to gaining the complete picture is consistent with the ethnographic data gathering approach and concepts of triangulation [6] , [8] , [9] .
C. Stage 3: Data gathering
In case-based research, the data are the recorded and transcribed information from the interview, documents that the object of observation is willing to provide and other observations of the researcher. [6] 1) MDM modeling T he d o m a i ns o f t he M D M w e re c ho s e n b a s e d o n t he impressions at the team meetings. As the development team decided to break down their design problem into requirements first, then have a solution neutral functional view on the system, then divide the problem into smaller sub problems for which solutions would be implemented and finally assemble the components again, the same structure was chosen for the MDM meta model. Figure 3 shows the meta model of the EDP. Interdependencies were only chosen, if the connection between the particular domains was necessary to describe the structure of the design process. The different types of interdependencies between the domains that were modeled within the MDM are:
· Requirements are responsible for Functions · Requirements define the HW, SW, S components · Functions influence the HW, SW, S components · HW, SW, S components influence the Assembly · HW and S components influence the SW components · All elements of the domains are able to influence elements of the same domain
As the development team started with the requirements definition and ended with the assembly, the meta model was detailed with elements and relations throughout the development process "from left to right". The therefore necessary information was gained from available documents such as the requirement list, as well as through workshops with the developers as well as through detailed records of each team meeting. Especially within the fuzzy front end phase of the process the elements and relations considered by the development team and documented by the case researcher changed frequently. With ongoing completion the amount of changes decreased.
D. Stage 4: Analyze Data 1) Qualitative System Dynamics modeling
Within this case study, the transformation method according to [3] was used. Building a SD model out of an MDM is a process that can be divided into the development of a q u a l i t a t i v e a n d a q u a n t i t a t i v e S D m o d e l . B a s e d o n t h e transformation method the MDM model was transformed into a qualitative System Dynamics model which illustrated in Figure 4 . As a first step the six DSMs reflecting the relations between the elements of the particular domains were transformed into rework cycles. The rework cycle operates as follows: At the beginning all tasks are stored at the stock Original work to do. The tasks then flow with a certain Progress rate to the stock Work in progress. Ideally the tasks are completed in this stock and if the design is flawless the tasks will reach the Work done stock. Unfortunately, not all tasks are completed flawlessly as errors occur. Therefore as a first step these errors lead to Undiscovered rework. Only if these errors are detected, rework will be necessary. The number of tasks that have to be reworked is described by the Rework discovery which processes the tasks to the Rework to do stock. The actual amount of tasks that are reworked is processed by the Rework rate which processes the tasks from the Rework to do stock back to the Work in Progress stock. [3] However, rework can cause more rework as errors in design are often detected some time after their occurrence [10] . The interdependencies between the domains were modeled as connections between the rework cycles. Each connection between two rework cycles had the following components:
· Process concurrence: Task B is only active if Task A is finished to a certain percentage.
· Feedback of rework: While task B is active not only rework within this task itself is discovered but also necessary rework within task A. Thus the Rework discovery rate of task A is triggered by task B
The connections were modeled as follows: The interdependencies "influence" and "responsible for" are transformed into vectored connections between the stocks "Work done_X" to "Progress rate_Y" for the feed forward case and into vectored connections from "Rework discovery_Y" to "Rework discovery_X" for the feedback case. "X" and "Y" are thereby indices for the involved domains. Together with the additional variable "Process concurrence_XY" this allows to model various interaction scenarios: While through the connection "Work done_X" to "Progress rate_Y" the performance within phase B can be controlled based on the status of X, "Process concurrence_XY" can trigger the optimal amount of concurrence between X and Y. The connection from "Rework discovery_Y" to "Rework discovery_X" on the other hand can be directly interpreted as iteration within a previous phase triggered by a subsequent phase. For example: Within the implementation of a HW component it is noticed, that the defined function for the component is not correct, thus this definition has to be refined before the HW component can be further detailed. The interdependencies "define" between "Requirements" and "HW, SW, S" were not implemented within the qualitative SD model as these were already implemented indirectly by the dependencies: R is responsible for F and F influences HW, SW, S. As suggested by [11] , the variables "Work intensity", "time to detect errors", "Pressure by management" and "Quality function" were implemented within the model. A "persons pool" was not implemented, instead persons are allocated by the variable "Allocated persons for X".
2) Quantitative System Dynamics modelling
The values for the quantification of the model were assumed based on the input from the measured process data and from interviews where the measured data was not sufficient. Thereby individual interviews as well as team interviews were conducted throughout the development process. were implemented for each rework cycle. Figure 6 shows an example of simulation results of the requirements rework cycle. The Original work to do decreases continuously until it reaches 0 while the other stocks increase. At the end of the simulation all work packages have moved from Original work to do to Work done . The Work do ne stock does inc rease continuously to the same amount as Original work to do decreases. This is due to occuring rework: Work packages still reach the Work done state even though all Original work to do is already empty due to work packages that had to be reworked. The Undiscovered rework reaches its maximum at the point in time when all work has been conducted once. Overall 463 work packages were identified for the six tasks. The amount of Original work to do for each rework cycle was originally based on the amount of elements within the particular domain within the MDM. This was changed as initial considerations showed that the amount of elements did not correlate with the amount of work to be conducted within each task. Instead of that capability planning, time lines and other available documentation was used to estimate the work load. Table 1 shows the estimated amount of work packages as well as the amount of elements of the particular domains within the MDM. The 463 work packages were processed by ten persons. The persons and the work packages were directly allocated to the corresponding tasks. The requirements (R) and functions (F) tasks were conducted by all ten persons and after each other. Therefore the corresponding Process concurrence rate was set to 0. The development of hardware components (HW) was conducted by five persons and started before the F task was completely finished. The Process concurrence rate was therefore set to 0.1. Compared to HW, the development of software started earlier as soon as it was obvious that some functions would probably be implemented by software (SW).
The Process concurrence rate between F and SW was therefore set to 0.5. The services (S) were implemented by one person which started at the same point in time than the SW team. The Process concurrence rate was therefore also set to 0.5. The assembly was started as soon as the bulk of HW and SW components were developed. The Process concurrence rate was therefore set to 0.1. One of the main modeling assumptions was that one person is able to conduct one work package in one day without causing above-average rework on a long time perspective. Assuming optimal efficiency and no rework the 463 work packages could be theoretically processed within 47 days of work. The real process including public holidays and the exam period of the masters-degree students took 105 days. These periods were also incorporated within the simulation model: As illustrated in Figure 7 the Time to completion graph is set to zero in the corresponding time period. The Time to completion influenced the modelled Work intensity, if Time to completion reaches zero the Work intensity is also set to zero and the overall process disrupts. Figure 7 also illustrates a second modelling assumption: The Work intensity is also influenced by the Pressure by management. If the Pressure by management increases the Work intensity also increases. On the other hand the Error generation rate and therefore the amount of created rework is dependent on the Work intensity. The Work intensity was set to one at the beginning. A value of Work intensity low or equal to one led to 20% rework while more rework (30%) was created in periods of higher Work intensity (>1). Figure 8 shows the values of all Original work to do stocks over the simulation time. The Original work to do of the functions task decreases first, then stops and then decreases further. This is due to the influence of Process concurrence to the previous process. During the execution of the functions task necessary rework within the requirements task is discovered which triggers this rework cycles again stops the functions rework cycle due to the Process concurrence condition. The same effect can also be seen for assembly task. The constant period of the SW and S graph between approx. day 38 and day 50 can be retraced to the Time to completion variable reflecting the public holiday and exam period. The HW rework cycle starts quite late which can be explained by the low degree of Process concurrence with the functions rework cycle. This on the other hand triggers the degree of completion of the A task due to the high degree of dependence between these processes. Additionally to the previously described aspects, Figure 9 illustrates the influence of rework occurring within the particular tasks and not only of rework triggered from other rework cycles. The first increasing phase of each graph can be assigned to the primary processing of the work packages. The increase after the inflection of the curves can be explained by rework. As rework is not discovered immediately the Rework discovery rate and Rework rate increasing the Work done stock is lower than the original Progress rate. Figure 10 shows the influences of the particular Rework discovery rates on each other. Rework discovery in subsequent process tasks also increases the Rework discovery in previous tasks as the reasons for errors might have occurred within earlier tasks. The trends of the particular Rework discovery rates show this coupling. The model simulates the duration of the overall engineering design process. Based on the simulation the development of the PSSycle took approx. 106 days.
3) Simulation of the Engineering Design Process
4) Conclusions drawn from the simulation
The simulation allows investigating the run-down of the engineering design process and thereby serves as a method for:
· Generation of basic dynamic understanding; · Decision support through simulation experiments; · Process optimization;
The following insights considering the project duration were drawn based on the simulation model: While the PSSycle process was originally planned to be finished after 100 days, the overall simulated process duration of 106 days is very close to the real duration of 105 days. The duration of the particular process tasks could be also simulated very close to reality. In both cases, the simulation and reality, the process delay could be retraced to the public holiday period within the development process. Figure 8 shows that especially the tasks HW increased the overall project duration. Due to the low degree of possible Process concurrence with the previous task of F the work on HW started quite late. This also caused additional rework at the last task Assembly. Based on the simulation two optimization possibilities can be identified:
· Reducing the error rate, thus the amount of rework within the F task, or · accelerating the HW task.
The error rate of F could have been decreased by an intentional actuating of the task by the management. Another possibility would have been sensitizing of the persons conducting the task for the high error rate. The HW task could be accelerated by reallocating the assigned persons. If one person, originally assigned to the SW task is assigned to the HW task, the simulated overall process duration is reduced by 7 days. Figure 11 shows this effect graphically. The simulation also allows estimating the influence of quality management on the overall process. If the amount of erroneous work packages that are allowed is increased from 0% to 5% the simulated process time decreases by 27 days. The same effect can be also observed in the other direction: 5% more rework cause an increase of development time by 25%. The combined use of structural and dynamic models offers the possibility to depict different aspects such as disciplines, development phases, persons by using the domain notation of the structural complexity management approach. By coupling structural and dynamic models the structure-based SD approach offers the possibility to expand structural models by additional information and create a simulation of the behavior of the development process. Thereby the approach serves as a possibilty to increase the understanding of the dynamics of engineering design processes, serve as a tool for decision support and for benchmarking of different process sequences. The c halle nges of this appro ac h are s imilar to the ge ne ral challenges of most models. Models are subjective simplifications of reality. Thereby important aspects might be neglected. At this point further guidelines are necessary to identify which aspects are most important for the dynamic behavior of the process. Especially as two kinds of models are combined the effect of neglected entities might potentiate itself. With reference to System dynamics models [12] states the challenge of "plausible nonsense from our [quantified] models". He states that a model might be realistic and be free of errors, but low quality input data may lead to simulation results which are "plausible nonsense". Therefore it is essential to assure a high quality of the input data and validate the simulation output. Additionally to the input and output data more research is needed to reflect the model composition itself: Within literature a variety of different types of rework cycles exist; each of them optimized thus best suitable for a particular modelling purpose. This case study is of descriptive nature, as the purpose was to verify whether the structure-based System Dynamics approach can be used as a to model the dynamic behavior of engineering design processes. However the future application of the approach might be of prescriptive nature: Ideally it can be used in the early phase of engineering design processes to give insights into the potential future behavior of the system. It is still an open question if the approach can serve as a support within this highly uncertain environment.
VI. CONCLUSION AND OUTLOOK
This research show the application of the structure-based System Dynamics analysis of engineering design processes within a case study. The approach serves as a tool to generate dynamic system understanding, support decisions through simulation experiments and benchmark different process structures by analyzing the relationship between underlying structure and dynamic behavior of the system. The aim of the case study is to answer the question if structural models of engineering design processes in form of Multiple-Domain Matrices can be used as a basis to simulate the dynamic behavior of these processes. Therefore a student project was observed for a case study. Based on the real development of the engineering design process a structural model in form of a Multiple-Domain Matrix was developed and transformed into a System Dynamics model. This model was used to simulate the behavior of the process and the simulation results are compared of the process. The results show that structural models in form of MDMs can be used to simulate the design process in the desired way. Thereby this allows for a projection of the performance of the design system over time, based on its structure. Nevertheless this case study only shows the descriptive application of the approach. To proof the suitability for the optimization of engineering design processes further prescriptive applications are necessary to refine the approach and see if it can serve as a support to estimate the behavior of engineering design processes already at early phases.
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